Abstract-This paper describes a new fingerprint sensor that detects the topography of finger ridges and valleys. We propose a microelectromechanical systems (MEMS) cavity structure for the pixels arrayed on the sensor surface and a fabrication process that stacks the cavity structures on a CMOS LSI. A thin film on top of the cavity structures is bent by finger ridges mechanically, which is detected by the sensing circuits below them electronically. Based on an analytical model, we designed a cavity structure suitable for fingerprint detection. We fabricated the cavity structures on the sensing circuits by a fabrication process that entails gold electroplating, sacrificial layer etching for cavities, and a sealing technique. The fabricated fingerprint sensor consists of about 57 334 pixels in the area of 11.2 mm 12.8 mm, which yields a high spatial resolution of 508 dots-per-inch (dpi). With these pixels working together, fingerprint images were obtained. The sensor produces clear fingerprint images regardless whether the finger was dry or wet, which confirms its potential for various practical applications.
I. INTRODUCTION
A S THE network society becomes more pervasive, higher security is required. Personal identification guarantees that the person is authenticated as a proper user of network terminals, such as mobile units. Personal identification by fingerprint has become attractive because fingerprint identification is more secure than conventional methods based on passwords and personal identification numbers (PINs). As a key device for fingerprint identification, semiconductor capacitive sensors have been developed using LSI interconnect technology [1] - [4] . The capacitive fingerprint sensor has an array of small sensor plates and detects the capacitance between a finger surface and the sensor plates. Capacitive fingerprint sensors have some advantages. First, they are small and thin compared to other optical fingerprint sensors, since they are fabricated on semiconductor substrates. Second, the sensing circuits can measure small capacitances with little noise because they are directly below the sensor plates. The sensing circuits can also do various kinds of functional operations like signal processing to obtain the best fingerprint image corresponding to each individual [5] . Third, sensor reliability that is high enough for practical use has been established [6] . These advantages originate from the fact that the sensing array is stacked on the sensing circuits on the semiconductor substrate. However, since theses sensors work on the principle of capacitance detection, they are too sensitive to finger surface conditions and humidity in the atmosphere. For example, it is difficult to obtain clear images from fingers that are too dry or too moist without an image processing step. It is almost impossible to obtain an image of a finger wetted with water. The sensors can neither be used in the rain nor in extremely dry weather. This means that the applications of fingerprint sensors are restricted to moderate finger surface conditions and moderate atmosphere like in the room.
Another proposed sensing technique detects the topography of the finger surface to overcome the above problems [7] , [8] . These fingerprint sensors have arrays of small pixels. Each pixel itself is a capacitive pressure sensor. When a finger touches the sensor, each pixel detects the magnitude of the pressure from the finger ridges. The values output from every pixel compose a fingerprint image. This sensing technique will enable the sensor to detect directly the topography of the finger surface regardless of the finger surface conditions. However, theses sensors did not integrate the sufficient large number of small pixels required for detecting the topography of a finger. The sensor array consisted of 16 16 pixels at most. In addition, the moving parts of one of the sensors were not sealed, which made it vulnerable to water that invaded the cavity structures of the pixels.
We have developed a novel fingerprint sensor to solve the above problems. The sensor uses a technique that detects the topography of a finger directly. We propose a new MEMS structure as a pixel. The MEMS structure has a mechanically movable part and sensing circuits directly below it detect the mechanical movements electronically. In order to achieve a dense array of small pixels, the array of MEMS structures is stacked on the sensing circuits. This makes it possible to detect small capacitances of a few femtofarads. We design the MEMS structure and construct a sensor fabrication process to realize the fingerprint sensor.
This paper first describes the concept and sensing principle of our fingerprint sensor, which we named as a MEMS fingerprint sensor. Next, the analytical model of the MEMS structure is described. Then, a fabrication process to stack the MEMS structures directly on the sensing circuits is presented. In the process, a novel sealing technique, STP (Spin coating film Transfer and hot-Pressing) [9] - [11] , is applied. Finally, we discuss the fabrication results and evaluate the sensor's ability to obtain fingerprint images regardless of whether the finger is dry or wet. 
II. MEMS FINGERPRINT SENSOR
We propose the MEMS fingerprint sensor as shown in Fig. 1 . A finger touches the sensor surface where a large number of small pixels are arrayed. The detailed structure of the sensor is shown in Fig. 1(a) . Each pixel is separated by a grounded wall in an area of 50-m square. The pixels have MEMS structures stacked on the sensing circuits. Each MEMS structure comprises a protrusion, a cavity, a pair of electrodes, and a grounded wall. The upper electrode and sealing layer are made of metal and dielectrics, respectively, and are deformable thin films. The protrusions are also made of dielectrics. The upper electrode is grounded through the grounded wall.
The sensor works as follows. The ridge of a finger surface pushes the protrusion down, and the protrusion deflects the upper electrode as shown in Fig. 1(a) . The protrusion transfers the pressure from a finger to the center of the upper electrode. (Since the pixels are small compared to the width of finger ridges, it is difficult for the ridges to directly deflect the upper electrodes.) The deflection of the upper electrode increases the capacitance between it and the lower electrode. Then, the capacitance is converted into the output voltage of the sensing circuit just under the lower electrode [5] . The value of the output voltage is translated into digitized signal levels. On the other hand, the valley of a finger surface does not push the protrusion, and the capacitance is kept small. Therefore, the capacitance under a ridge is larger than that under a valley. These values of the capacitance are translated into the digitized signal levels. With this sensing, the detected signals from all the pixels generate one fingerprint image.
We had to design the MEMS structure and determine the structural parameters so that the sensor would produce the maximum capacitance change for a certain pressure from a finger surface. We also had to develop a new sensor fabrication process because the MEMS structure is stacked on the sensing circuits and has a cavity. It is necessary to fabricate the MEMS struc- ture without damaging the underlying sensing circuits and seal the cavities to keep the water and contaminants out of the cavities. Next, we describe the structural design and the fabrication process of the MEMS fingerprint sensor.
III. STRUCTURAL DESIGN
In order to check analytically whether the upper electrode bends enough, we modeled the mechanical and electrical dynamics of the MEMS structure, and calculated two relationships: that between pressure from a finger and bending displacement, and that between the bending displacement and capacitance change. Based on these relationships, the structure parameters are determined that will produce sufficient capacitance change to be detected by the sensing circuits.
A. Structure Modeling
The MEMS fingerprint sensor model is shown in Fig. 2 . The origin is set at the center of the upper electrode. The upper electrode is assumed to be a square plane. The side length of the upper electrode is , and its thickness is . The lower electrode is also a square plane with a side length of . The distance between the upper and lower electrodes is . We assume that the pressure from a finger is loaded equally on the whole area of the top surface of the upper electrode at in the direction of -axis.
Classical mechanics describes the bending displacement when a pressure is loaded. (See the Appendix for details.) The bending displacement is proportional to . The relationship between and capacitance change is given as (1) where is permittivity in a vacuum. Next, we determine the structural parameters of the MEMS structure so that the capacitance change would be large enough to be detected by the sensing circuit.
Though the real structure has a protrusion, a sealing layer, and etch holes that are explained later, we considered the simple model described above as the first approximation. The model included those factors are almost impossible to solve analytically, and needs numerical calculations based on a finite-ele- , and , we selected the simple model that can be expressed by explicit analytical solutions.
B. MEMS Structure Analysis for Structure Determination
The bending displacement is a function of , and the capacitance change is a function of and . We focus on four parameters, , , and . According to our previous investigation [6] , the measured maximum pressure of a finger among 100 fingers is 0.6 MPa. We consider a range of finger pressure from 0 to 2 MPa to be wide enough. A ridge on a finger surface is about 100 to 400-m wide, so the size of each pixel is set to 50-m square to achieve sufficient resolution. Considering that the width of the grounded wall is 8-m, the side length of the upper electrode is 42 m. Thus, these values are applied to the range of and value of . The thickness of the upper electrode and the distance should be determined based on the analytical model described earlier.
The capacitance change calculation is explained here. The bending displacement is numerically calculated as shown in Fig. 3(a) from the analytical solution of . In Fig. 3(a) , a pressure of 1 MPa and a thickness of 1 m are assumed. The upper electrode is gold, whose modulus of elasticity and Poisson's ratio are Pa and 0.44, respectively. The bending displacement has a maximum at the center of the upper electrode . The relationship between the pressure and bending displacement is shown in Fig. 3(b) when thickness is 1 m. The bending displacement is proportional to the pressure . Since the curved surface of the upper electrode is obtained, the capacitance between the upper and lower electrodes is determined. The relationship between capacitance change and pressure is calculated as shown in Fig. 3(c) for thickness of 1 m. Thus, we can predict the capacitance change for a given pressure.
Using the relationship between the capacitance change and pressure, we determined the value of and so as to produce a sufficient capacitance change. We considered three requirements in determining and : In normal use, when a maximum pressure of 1 MPa is applied by a finger, the capacitance change should be as large as possible. The upper electrode should not contact the lower electrode even if a pressure of 2 MPa is applied as a worst case. The structure given by the parameters of and should be achievable in our fabrication process. For the first requirement, the capacitance change when the pressure is 1 MPa was calculated as a function of and , and is shown with contours in Fig. 4 . The capacitance change becomes larger as and becomes smaller. When and are too small, however, the upper electrode comes into contact with the lower electrode. In this case when (at MPa) is satisfied, the capacitance change can not be calculated. (This region is shown with bold lines in the graph.) Within the region where (at MPa) is satisfied, we consider the other two requirements so as to make the capacitance change as large as possible. In Fig. 4 , the second requirement is also expressed with the dotted line of (at MPa). We have to choose the most appropriate and from the region where region (at MPa) is satisfied. Due to the variations of the film thickness in each fabrication step, or that is too small is not preferable. Taking this third requirement into consideration, we set to 1 m and to 1 m as shown in Fig. 4 . For these values of and , the bending displacement of the upper electrode at with the pressure of 2 MPa is 0.97 m as shown in Fig. 3(b) . The upper electrode hardly contacts the lower electrode, even when strong pressure is applied by a finger. The capacitance change is several femtofarads as shown in Fig. 3(c) , when a pressure of 1 MPa is applied. In this way, the structural parameters of the MEMS structure are properly determined by the analytical model and the numerical calculations.
IV. FABRICATION PROCESS
We have developed a CMOS-compatible MEMS fabrication process that includes the STP technique for sealing. In stacking the MEMS structures, it is important that the MEMS fabrication process does not deteriorate the underlying CMOS sensing circuits. The MEMS structures must be sealed to prevent water and contaminations from entering the cavities. To meet these requirements, we select low temperature processes in order not to damage the underlying CMOS LSI and adopt a new sealing technique. We use gold electroplating to form thick films. STP seals the cavity structures to protect them from water and contaminations. The fabrication process is illustrated in Fig. 5 .
First, the sensing circuits are fabricated in the 0.5-m CMOS LSI and three-metal interconnection process [ Fig. 5(a) ]. Next, seed layers for electroplating are deposited by evaporating Au-Ti on the dielectric fillm of SiN. The seed layers are each 0.1-m thick. After resist patterning, the lower electrodes of 1-m thick are electroplated. Following that, the resist pattern is removed. The 2-m grounded wall is electroplated in the same way. The lower electrodes and grounded wall are patterned by wet-etching of the seed layers [ Fig. 5(b) ]. Then, the sacrificial layer of photosensitive polyimide is spin-coated. The top of the grounded wall is exposed by photolithography so that it makes contact with the upper electrode that is fabricated next [ Fig. 5(c)] . And, the upper electrode is electroplated on it in the same way as the lower electrodes [ Fig. 5(d) ]. We made etch-holes at the four corners of the upper electrode by covering the corners with resist material patterned like islands. There are etch-holes 5-m square at the four corners in each pixel. Then, the sacrificial layer is etched away through the etch-holes in order to make cavities [ Fig. 5(e) ]. The etch-stoppers are gold or titanium. The oxygen radicals etch away the polyimide. 6 . STP process. First, polyimide is spin-coated on a base film of Ethylene TetraFluoroEthylene copolymer (ETFE) as shown in (a). Next, the polyimide is hot-pressed against the sensor surface in a vacuum as shown in (b). Then, the base film is peeled off, leaving the polyimide film on the sensor surface. Finally, the polyimide film is annealed at 310 C, and the cavities are sealed as shown in Fig. 5(f). (The gold or titanium of the upper and lower electrodes and grounded wall do not react with the oxygen radicals.) The cavities are sealed with a 1-m-thick sealing layer by using the STP technique [ Fig. 5(f) ]. The technique is developed for planarization in the multilevel interconnects process for LSIs [9] - [11] . The process of STP for cavity sealing is shown in Fig. 6 . STP can seal vertical etch-holes while preventing the sealing material from flowing into the cavities. Finally, large protrusions about 10-m square and 10-m high are patterned using photosensitive polyimide, and the polyimide film is annealed at 310 C. In this process flow, the MEMS structure is fabricated [ Fig. 5(g) ]. 
V. RESULTS

A. Fabricated MEMS Fingerprint Sensor
We fabricated the MEMS fingerprint sensor chip as shown in Fig. 7 . The chip specifications are summarized in Table I . The chip has pixels in the sensing area of 11.2 mm 12.8 mm. Each pixel is 50-m square and has a sensing circuit with 102 transistors [5] . The scanning electron microscope (SEM) photograph in Fig. 8 shows that the MEMS fingerprint sensor has a lot of protrusion 50-m apart on the surface. A magnified image of a pixel cross section obtained by a focused ion beam (FIB) is shown in Fig. 9 . The MEMS structure was fabricated properly as designed. The upper electrode does not contact the lower electrode; it is positioned over the lower electrode with the proper spacing. The sealing layer seals the cavity; no sealing material flowed into it. The MEMS structures were stacked on the sensing circuits. The achievement of this MEMS structure with a cavity is a significant step forward in enhancing the ability of fingerprint sensing.
B. Fingerprint Images
We obtained a fingerprint image with the MEMS fingerprint sensor as shown in Fig. 10(a) . The image demonstrated that the structural design was appropriate and all the pixels and transistors described in Table I worked together. This means that the MEMS structure was fabricated without destroying the transistors in the sensing circuits; the MEMS structure fabrication process is compatible with the CMOS LSI and metal interconnection processes. After the finger in Fig. 10(a) was taken off the sensor surface, the image in Fig. 10(b) was captured. The image is white, which means that the upper electrode returned to its initial state after deflection.
We compared our MEMS fingerprint sensor with a conventional capacitive fingerprint sensor. Fingerprint images of a dry finger are shown in Fig. 11 . The fingerprint image from the MEMS fingerprint sensor in Fig. 11(a) is very clear. On the other hand, the raw image of the same finger from the capacitive fingerprint sensor in Fig. 11(b) is unclear. The MEMS fingerprint sensor can clearly capture the image of a dry finger easily without any operation to enhance the quality of the image. We also captured a fingerprint image of a finger wetted with water. The MEMS fingerprint sensor captured the fingerprint image as clearly as it did the normal finger, as shown in Fig. 12(a) , while the capacitive fingerprint sensor could not as shown in Fig. 12(b) . The water filled the valleys of the finger surface, which made the capacitance at the valleys almost equal to that at the ridges. Therefore, the image is quite dark in Fig. 12(b) . In contrast, the MEMS fingerprint sensor could detect the finger topography directly regardless of the water in the valleys. These results confirm that the MEMS fingerprint sensor is immune to finger surface conditions and environmental conditions, which makes it suitable for wide practical use.
VI. SUMMARY
We proposed a novel MEMS fingerprint sensor with arrayed cavity structures stacked on CMOS sensing circuits. A MEMS structure was devised to implement a principle for detecting the topography of a finger. An analytical model of a MEMS structure was described, and the optimized structural parameters were determined by numerical calculations. We developed a MEMS sensor fabrication process that is compatible with the standard CMOS LSI process. The process includes the STP technique to seal the cavities of the MEMS structure. By using the process, we were able to stack the MEMS fingerprint sensor on a CMOS LSI. It was confirmed that the fabricated sensor detects the topography of a finger directly, regardless of the finger surface conditions. This MEMS fingerprint sensor has the potential to widen the application of fingerprint identification for various people in various environments. 
APPENDIX
The formulation expressing the mechanical and electric dynamics of the MEMS structure is described here. First, elastic deflection of the upper electrode of the MEMS structure is obtained analytically from classical mechanics in a simple case [12] . To express the bending displacement at the pressure , the flexural rigidity of the upper electrode is introduced
where is a modulus of elasticity and is Poisson's ratio of the material. The relationship between the deflection of the upper electrode and pressure is given by
where it is assumed that the bending displacement does not depend on . Equation ( Since the absolute value becomes small as increases, it is sufficient to consider several terms at the beginning (A11) Thus, the bending displacement of the upper electrode at at the pressure is given. It is noted that the bending displacement is proportional to . We can determine the structural parameters of the MEMS structure from the relationship.
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